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HIGHLIGHTS 


►  The  oxidation  temperature  plays  an  important  role  in  porous  Nb205  matrix  formation. 

►  The  presence  of  the  Nb205  with  CuO  cocatalyst  can  promote  the  H2  production  rate. 

►  CuO  cocatalyst  can  substitute  noble  metals  in  photocatalysts  for  H2  production. 

►  The  use  of  porous  Cu0/Nb205  photocatalyst  can  inhibit  CO  poisoning. 

►  The  porous  Cu0/Nb205  photocatalyst  can  effectively  maintain  the  catalyst  activity. 
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In  this  study,  porous  Nb2Os  photocatalyst  materials  are  prepared  through  thermal  oxidation.  According 
to  X-ray  photoelectron  spectroscopy  (XPS),  at  a  temperature  of  500  °C,  an  optimum  porous  Nb205 
photocatalyst  is  obtained  with  an  O/Nb  ratio  close  to  the  theoretical  value  of  2.5.  The  X-ray  powder 
diffractometer  (XRD)  result  shows  that  at  the  main  diffraction  angles  of  22.63°  and  28.33°,  crystalline 
diffraction  signals  of  Nb2Os  appear  with  corresponding  diffraction  planes  of  (001)  and  (180).  When  CuO, 
NiO  and  Pt  catalysts  are  added  to  Nb2Os  as  the  cocatalyst  for  comparison,  the  maximum  hydrogen 
production  efficiency  for  a  CuO/Nb2Os  photocatalyst  is  achieved  (1405  pmol  h-1  g_1).  However, 
when  NiO  and  Pt  are  added  as  cocatalysts,  the  hydrogen  production  efficiencies  are  decreased  to 
800  pmol  h-1  g-1  and  510  pmol  h-1  g-1,  respectively.  Through  the  photoelectrochemical  analysis,  it  finds 
that  the  CO  signal  peak  with  incomplete  oxidation  significantly  increases  as  the  reaction  time  increases, 
thus  causing  CO  to  adsorb  on  the  catalyst  surface  (such  as  NiO  or  Pt)  leading  to  catalyst  poisoning.  This 
results  in  reduced  catalyst  performance  and  hydrogen  production  rates. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  greenhouse  gas  emissions  from  fossil  fuels  have 
worsened  the  greenhouse  effect  and  created  a  serious  impact  on 
the  environment.  Hence,  seeking  alternative  fuels  and  environ¬ 
mentally  friendly  green  energy  technologies  has  become  a  major 
concern.  In  particular,  the  development  of  hydrogen  energy  tech¬ 
nology  achieved  a  breakthrough  in  1972.  The  key  lies  in  the  use  of 
semiconductor  catalysts  in  water-splitting  hydrogen  production 
under  ultraviolet  irradiation,  which  makes  solar  hydrogen 
production  applications  more  feasible  [1].  When  choosing  semi¬ 
conductor  catalysts  used  in  hydrogen  production,  the  key  lies  in  the 
selection  of  photocatalyst  materials.  Transition  element  metal 
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oxides  with  d°  or  d10  electronic  configuration  can  split  water  into 
H2  and  02  due  to  high  photochemical  activity  [2].  Among  the  many 
semiconductor  materials,  applications  of  Nb2Os  have  become 
widely  prevalent  [4]  due  to  their  unique  physical  properties  such  as 
a  high  refractive  index,  a  wide  bandgap  (3.1 -3.5  eV),  good  chemical 
and  thermal  stability  [3]  and  good  photocatalytic  characteristics.  In 
publications  we  find  that  the  addition  of  metal  particles  (Pt,  Au)  or 
metal  oxides  (NiO,  Ru02)  into  semiconductor  materials  can  delay 
electron  and  hole  recombination  rates,  quickly  export  electrons  and 
promote  reduction  reaction,  thereby  enhancing  quantum  efficiency 
[5-7].  Kudo  et  al.  proposed  that  NaTa03  doped  with  2  mol%  La  and 
modified  by  a  NiO  cocatalyst  under  ultraviolet  irradiation  can 
enhance  the  efficiency  of  water-splitting  hydrogen  production  [6]. 
Lin  et  al.  prepared  a  catalyst  containing  Nb205  and  added  metal 
particles,  such  as  Pt  and  Au,  to  study  the  photochemical  hydrogen 
production.  The  results  show  that  the  addition  of  metal  particles  or 
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metal  oxides  into  the  photocatalyst  materials  effectively  enhanced 
the  catalyst  activity  and  hydrogen  production  efficiency  [7].  Addi¬ 
tionally,  it  pointed  out  that  the  use  of  ultraviolet  light  sources  and 
higher  concentrations  of  sacrificial  reagents  can  effectively  enhance 
the  hydrogen  production  rate  [8-10].  However,  studies  on  the 
effects  of  different  dopants  on  cocatalyst  materials’  hydrogen 
production  under  visible  light  conditions  showed  differences  in 
hydrogen  production  efficiency  under  low-concentration  methanol 
solution  environments,  and  even  long-term  hydrogen  production 
assessments  remained  scarce. 

In  this  study,  a  low-temperature  thermal  oxidation  approach 
was  adopted  to  prepare  porous  Nb20s  photocatalyst  materials. 
Through  XPS,  optimal  process  conditions  were  found.  In  addition, 
in  order  to  further  gain  insights  into  the  impact  of  the  cocatalyst 
on  the  porous  Nb20s  photocatalyst  materials,  CuO,  NiO  and  Pt 
were  selected  as  the  porous  Nt^Os  cocatalysts.  Finally, 
using  the  photochemical  hydrogen  production  system  under 
300  W  white  light  source  irradiation,  the  photocatalysts  were 
placed  in  a  methanol  aqueous  solution  (with  a  volume  ratio  of 
Me0H:H20  =  1 :9)  to  carry  out  hydrogen  production  efficiency  tests 
and  comparisons. 

2.  Experiment 

2.1.  Preparation  and  analysis  of  porous  NfeOs  powder 

First,  a  sufficient  amount  of  metal  Nb  powder  (Alfa  Aesar  99.8%) 
was  placed  in  a  high-temperature  furnace  and  annealed  for  1  h  at 
100  °C,  350  °C  and  500  °C,  respectively,  under  specific  air  condi¬ 
tions  (21/79  mol%  O2/N2).  Subsequently,  X-ray  photoelectron 
spectroscopy  (XPS/ESCA,  Thermo  K-alpha)  XPS  was  used  to  estab¬ 
lish  optimal  thermal  oxidation  temperature  conditions,  and  the 
Nb205  _  x  powder  obtained  through  annealing  at  200  °C,  350  °C  and 
500  °C  underwent  stoichiometry  tests. 

2.2.  Preparation  of  NiO/Nb205  _  x,  CuO/NfeOs  _  x,  and  Pt/Nb20s  _  x 
photocatalyst  powder 

For  the  Pt/Nb20s  _  x  photocatalyst  powder,  1  g  of  optimized 
Nb205  _  x  photocatalyst  powder  was  first  obtained  and  placed  into 
200  ml  of  methanol  aqueous  solution  to  be  mixed  using  ultrasonic 
wave  (100  kHz)  technology.  Then,  an  appropriate  amount  of 
H2PtCl6-6H20  aqueous  solution  was  added  into  the  above  mixed 


aqueous  solution.  Finally,  the  NaBH4  aqueous  solution  was  added 
and  stirred  for  20  min  at  room  temperature  to  perform  a  reduction 
and  obtain  Pt/Nb205  _  x  photocatalyst  powder  with  2  wt%  Pt 
catalyst  adsorption.  Then,  using  a  vacuum  oven,  the  powder  was 
dried  completely  in  a  vacuum  at  70  °C. 

For  CuO  cocatalyst  synthesis,  1  g  of  optimized  Nb205  _  x  powder 
was  first  obtained  to  serve  as  the  carrier.  Then,  it  was  placed  in 
200  ml  of  ethanol,  and  2  wt%  commercial  nano  CuO  photocatalyst 
powder  was  added.  At  room  temperature,  it  was  stirred  using 
ultrasonic  mixing  technology,  and  the  solid  participate  obtained 
was  cleaned  and  filtered  using  deionized  water  (DI).  Then,  it  was 
backed  at  70  °C  in  a  vacuum  oven  to  dry  completely  and  produce 
Cu0/Nb205  _  x  photocatalyst  powder.  A  Ni0/Nb205  _  x  catalyst 
powder  was  also  prepared  in  a  similar  manner  in  accordance  with 
the  above  mentioned  synthesis  steps. 

2.3.  Charactersitics  and  hydrogen  production  test  of  porous  NiO/ 
Nb205  _  x,  CuO/Nb205  _  x,  and  Pt/Nb205  _  x  photocatalysts 

An  X-ray  powder  diffractometer  (XRD,  Model  No.  Rigaku  D/ 
MAX-2500)  was  used  to  identify  the  crystal  structure  and  compo¬ 
sition  of  the  prepared  photocatalyst  powder  mentioned  above. 
Then,  using  a  field  emission  scanning  electron  microscope  (FESEM, 
JEOL  JSM-7000F),  an  accurate  description  was  made  of  the  surface 
morphology  of  the  photocatalysts.  A  columnar  quartz  glass  tank, 
sheathed  with  a  cooling  water  circulation  system,  was  adopted  for 
research  on  hydrogen  production.  A  300  W  white  light  source 
(Philips  ELH-316190  ELH  300  W  120  V,  purchased  from  Nano¬ 
precision  Technology  Co.,  Ltd.)  was  installed  at  the  bottom  of  the 
reaction  vessel  mentioned  above  (as  shown  in  Fig.  1(a)  and  (b)).  A 
broadband  light  source  with  an  output  power  of  50  mW  cm-2  was 
applied  to  illuminate  the  photochemical  cell.  The  photocatalyst 
water-splitting  hydrogen  production  conditions  necessary  for 
photocatalytic  reactions  to  take  place  include  the  addition  of  0.2  g 
of  photocatalyst  powder  into  150  ml  of  methanol  aqueous  solution 
at  a  temperature  of  50  °C  (the  volume  ratio  is  MeOH:H20  =  1:9). 
Methanol  decomposition  was  performed  for  16  h,  and  the  hydrogen 
gas  evolution  was  determined  beginning  at  3  h.  Finally,  through  the 
“collection  of  gases  over  water”  approach,  gases  from  the  reaction 
were  collected.  The  water  displacement  system  includes  a  water- 
filled  container  connected  to  a  reaction  vessel  and  a  water 
removal  conduit.  The  electrochemical  properties  of  the  electrode 
was  analyzed  using  a  cyclic  voltammetry  (CV)  technique  through 
a  CHI614D  electrochemical  analyzer,  while  a  Pt  wire  served  as  the 


Fig.  1.  (a)  Scheme  of  closed  reaction  system  for  hydrogen  production  by  light-induced  water  splitting;  (b)  the  photoelectrolysis  cell  setup  with  a  collimated  light  beam  passed 
through  a  quartz  window  to  illuminate  a  photocatalyst  layer. 
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Fig.  2.  An  element  content  analysis  on  the  Nb205  _  x  photocatalyst  powder  prepared 
under  different  thermal  oxidation  temperatures.  (Inset:  photo  images  of  the  Nb205  _  * 
photocatalyst  powder  consisted  of  co-solvent.) 

counter  electrode  and  Ag/AgCl  served  as  the  reference  electrode. 
The  electrocatalytic  activity  of  the  electrodes  toward  electro¬ 
oxidation  of  methanol  was  examined  in  a  deaerated  aqueous 
solution  of  1  M  H2SO4  containing  1  M  of  methanol  at  27  °C  under 


300  W  white  light  source  irradiation  for  about  4  cycles  with  a  scan 
rate  of  20  mV  s-1. 


3.  Results  and  discussion 

3.1.  The  characteristics  ofNb205  _  x  photocatalyst  powder 

In  order  to  find  optimal  process  conditions,  the  XPS  was  first 
adopted  in  this  study  to  conduct  an  element  content  analysis  on  the 
Nb205  _  x  photocatalyst  powder  prepared  under  different  thermal 
oxidation  temperatures  (200  °C,  350  °C  and  500  °C),  as  shown  in 
Fig.  2.  The  diagram  shows  that  when  the  annealing  temperature 
was  below  350  °C,  the  O/Nb  ratio  was  about  2.1;  when  the 
annealing  temperature  was  increased  to  500  °C,  the  O/Nb  ratio 
increased  significantly  to  2.32.  According  to  Fields  First  Law 
(D  =  D0exp(-Q/RT)),  the  diffusion  rate  (D)  and  temperature  (T) 
show  a  nonlinear  proportional  relationship  [11].  Hence,  under  the 
same  aerobic  condition,  an  increase  in  annealing  temperature 
accelerated  the  oxidation  reaction,  since  the  oxidation  reaction 
speed  of  the  oxide/gas  interface  and  metal/oxide  surface  increased 
relatively  in  order  to  achieve  equilibrium.  Under  low-temperature 
annealing  conditions,  the  diffusion  rate  significantly  decreased, 
thus  resulting  in  changes  in  the  oxidation  state.  Possible  oxidation 
equations  are  2Nb  +  02  -►  2NbO  and  2NbO  +  02  -►  2Nb02.  Note 
that  niobium  forms  oxides  with  oxidation  states  from  +2  (NbO) 
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Fig.  3.  The  wide  angle  XRD  spectra  of  the  (a)  Nb205)  (b)  Cu0/Nb205)  (c)  Ni0/Nb205)  and  (d)  Pt/Nb205  powder  (Inset  in  (d):  the  backscatter  electron  image  of  the  Pt/Nb205 
photocatalyst). 
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to  +5  (Nb205)  when  the  annealing  temperature  as  well  as  the 
diffusion  rate  are  increased.  The  pentoxide  state  is  the  most 
frequently  encountered  [12].  In  addition,  most  metal  oxide  growth 
rates  are  diffusion-controlled.  According  to  studies  by  Lim  and  Choi, 
oxygen  concentration  in  the  preparation  process  affected  the 
oxidation  reaction  process  of  Nb  [13].  Therefore,  in  order  to  effec¬ 
tively  obtain  a  stable  crystal  phase,  the  thermal  oxidation 

temperature  and  oxygen  supply  are  considered  extremely 
important. 

Overall,  when  the  temperature  is  500  °C,  the  O/Nb  ratio  is  closer 
to  the  theoretical  value  for  Nb205  of  2.5.  In  addition,  a  comparison 
of  the  photos  of  the  paste  aqueous  solution  prepared  from  powder 
shows  that  in  terms  of  external  color  changes,  the  metal  Nb  powder 
was  black  at  200  °C  thermal  oxidation  and  gray  at  350  °C.  When  the 
thermal  oxidation  temperature  was  increased  to  500  °C,  it  became 
milky  white  in  color.  To  recap,  as  the  thermal  oxidation  tempera¬ 
ture  increased,  the  color  of  the  Nb  powder  gradually  turned  from 
black  gray  to  milky  white. 

3.2.  The  characteristics  of  the  cocatalyst  mixed  with  the  _  x 
photocatalyst  powder 

Fig.  3  shows  the  wide-angle  X-ray  diffraction  pattern  of 
the  photocatalyst  powders  (Cu0/Nb205  _  x,  Ni0/Nb205  _  x  and 
Pt/Nb205  _  X)  synthesized  using  Nb20s  _  x  powder  after  thermal 


oxidation  treatment  at  500  °C  with  the  addition  of  cocatalysts. 
According  to  the  standard  diffraction  pattern  JCPDS  Card  (27-1003, 
45-0937,  47-1049  and  04-0802),  the  comparison  of  Fig.  3(a)-(d) 
shows  that  at  main  diffraction  angles  of  22.63°  and  28.33°,  crys¬ 
talline  diffraction  signals  of  Nb20s  appeared,  and  the  corresponding 
diffraction  planes  were  (001)  and  (180).  In  addition,  the  preferred 
orientation  of  the  crystal  was  (001 ).  When  the  photocatalyst 

powder  synthesized  with  the  addition  of  a  CuO  cocatalyst  at 
a  diffraction  angle  of  38.96°,  the  diffraction  surface  of  Cu0(200)  was 
found  (Fig.  3(b)).  In  Fig.  3(c),  the  diffraction  signal  at  the  location  of 
43.28°  corresponded  to  the  crystal  signals  of  NiO  (200).  Based  on 
Fig.  3(d),  no  apparent  Pt  diffraction  signal  was  found;  one  can 
assume  this  was  because  of  its  nanoscale  and  location  on  the 
photocatalyst  surface.  This  phenomenon  can  be  attributed  to  the 
nano  phenomenon  produced  during  the  bottom-up  synthesis 
process  [14].  In  more  detail,  the  amount  and  scale  of  Pt  nanodots 
are  so  few  and  so  small  that  the  nanodots  cannot  produce  strong 
diffraction.  Furthermore,  a  weak  broad  amorphous  feature  of  the 
glass  holder  appears  around  39°,  leading  to  the  screening  of  weak 
diffraction  intensity  of  the  Pt  nanodots  [15].  To  obtain  further  proof, 
verifications  were  made  through  a  backscatter  electron  image  (BEI) 
from  a  field-emission  scanning  electron  microscope  (Fig.  3(d) 
illustration)  [16].  The  average  particle  size  ranged  from  a  few 
nanometers  to  tens  of  nanometers.  In  order  to  further  observe  the 
morphology  of  the  photocatalysts,  the  surface  structure  was 


Fig.  4.  The  SEM  images  of  the  (a)  Nb205,  (b)  Cu0/Nb205,  (c)  Ni0/Nb205,  and  (d)  Pt/Nb205  photocatalyst. 
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observed  using  a  scanning  electron  microscope,  as  shown  in  Fig.  4. 
Fig.  4  indicates  that  all  four  photocatalysts  of  Nt^Os,  CuO/Nt^Os, 
Ni0/Nb205  and  Pt/Nl^Os  had  porous  structures,  especially  the 
plush-like  organization  surface  structure  of  Pt/Nb20s  prepared 
using  the  bottom-up  synthesis  method;  this  indicates  its  higher 
surface  area. 

3.3.  The  photo-dissolution  hydrogen  production  and 
photoelectrochemistry  of  bicomponent  photocatalysts 

To  further  explore  the  actual  hydrogen  production  efficiency  of 
the  four  types  of  photocatalysts,  a  photochemical  hydrogen 
production  system  was  subsequently  adopted  in  this  study.  In  an 
aqueous  solution  environment  using  methanol  as  the  sacrificial 
reagent,  the  hydrogen  production  efficiency  was  measured,  as 
shown  in  Table  1.  Note  that  the  most  common  examples  of  hole 
scavenging  agents  introduced  into  a  solution  are  alcohols  (usually 
methanol),  amines  (such  as  triethanolamine  or  EDTA)  or  sulfite  salts. 
Among  them,  methanol  has  been  widely  used  for  photodecompo¬ 
sition  for  water  splitting,  since  the  decomposition  energy  for 
methanol  is  0.7  eV,  which  is  a  lower  splitting  energy  than  water 
[17,18].  Note  that  the  energy  of  the  absorbed  photon  must  be  at  least 
1.23  eV  for  water-splitting  [19].  Methanol  was  added  to  water  as 
a  strong  oxidation  agent.  In  particular,  methanol  is  used  here  to 
efficiently  separate  the  hole-charges,  which  leads  to  a  reduction  in 
the  hole-electron  pair  recombination  process.  Under  the  same  test 
conditions,  without  the  addition  of  any  cocatalysts,  the  hydrogen 
production  efficiency  of  Nb20s  photocatalyst  material  was 
1120  pmol  h-1  g-1.  After  adding  CuO  as  the  cocatalyst,  the  hydrogen 
production  rate  reached  a  maximum  value  of  1405  pmol  h-1  g-1.  Yu 
et  al.  reported  the  possibility  of  using  CuO-modified  TiC^.  The 
optimal  CuO  content  was  found  to  be  1.3  wt%,  creating  a  maximum 
hydrogen  production  rate  of  2061  pmol  h-1  g-1  [20].  Our  optimal 
results  are  similar  to  those  observed  on  a  CuO-modified  host  matrix 
as  a  substitute  for  noble  metals  in  photocatalytic  hydrogen  produc¬ 
tion.  According  to  the  publication,  methanol  decomposition  in 
catalysts  consists  of  three  steps:  (1)  methanol  undergoes  adsorption 
and  dissociation  to  become  a  surface  methoxy  group  and  hydrogen; 
(2)  the  methoxy  group  further  undergoes  dehydrogenation  to  form 
CO  and  (3)  CO  and  hydrogen  undergo  desorption  [21].  CuO  is  the 
activity  center  of  CO  oxidation,  and  the  introduction  of  CuO  makes 
CO  re-oxidation  easier,  thereby  enhancing  the  catalyst’s  resistance  to 
CO  poisoning  [22,23].  Liu  et  al.  also  reported  that  the  activity  and 
selectivity  for  preferential  oxidation  of  CO  to  CO2  can  be  strongly 
enhanced  by  dispersing  the  CuO  well  at  a  low  temperature  [24]. 
When  NiO  was  added  as  the  cocatalyst,  the  hydrogen  production 
efficiency  dropped  to  800  pmol  h-1  g-1;  when  Pt  was  added  as  the 
cocatalyst,  the  hydrogen  production  efficiency  was  only 
510  pmol  h-1  g-1.  These  results  can  be  attributed  to  methanol  having 
a  tendency  to  adsorb  on  the  catalyst  surface  and  produce  CO  to 
adsorb  on  the  cocatalyst  surface  through  a  reaction  equation  (coca¬ 
talyst  +  CFI3OFI  cocatalyst-COad  +  4  H+  +  4  e-).  In  other  words, 
when  these  cocatalysts  are  deprived  of  the  ability  to  oxidize  CO  (e.g. 
Pt  or  NiO),  they  become  highly  adsorptive  to  CO  and  desorption 
becomes  unlikely  (e.g.  the  adsorption  force  between  CO  and  Pt  is 
about  180  kj  mol-1)  [25,26].  Therefore,  the  photocatalyst  surface 
becomes  occupied  by  CO  and  the  active  position  of  catalytic  reactions 
gradually  decreases,  thus  leading  to  reduced  hydrogen  production 


Table  1 

The  hydrogen  production  efficiency  of  Nb205,  Cu0/Nb205,  Ni0/Nb205,  and  Pt/Nb205 
photocatalyst  by  light-induced  water  splitting. 


Nb205 

Cu0/Nb205 

Ni0/Nb205 

Pt/Nb205 

1120  |!mol  h  1  g-1 

1405  |imol  h'1  g-1 

800  (imol  h  1  g-1 

510  (imol  h  1  g-1 

Fig.  5.  The  reaction  time  dependent  CVs  for  methanol  electro-oxidation  at  Pt/Nb205 
electrodes  in  1  M  HS04  containing  1  M  methanol  (Potential  scan  rate:  20  mV  s-1). 


efficiency.  Hence,  electro-oxidation  and  electro-catalytic  diagnosis 
were  further  conducted  through  an  electrochemical  analyzer  tar¬ 
geting  the  Pt/Nb205  photocatalyst  in  methanol  aqueous  solution 
(1  M  of  H2SO4  deoxy- aqueous  solution  mixed  with  1  M  of  methanol), 
as  shown  in  Fig.  5.  The  diagram  shows  that  methanol  oxidation  peak 
signals  appeared  in  the  Pt/Nb20s  photocatalyst  from  0.6-0.8  V. 
During  the  reverse  scanning  process,  the  apparent  signal  peaks 
appeared  near  0.45  V.  These  results  can  be  attributed  to  the 
incomplete  oxidation  of  methanol  during  the  oxidation  process,  and 
thus,  the  adsorption  to  CO  or  other  intermediates  on  the  catalyst 
metal  surface  [27].  In  particular,  the  signal  peaks  clearly  showed  an 
upward  trend  with  a  longer  reaction  time.  This  finding  signifies  that 
CO  or  other  intermediates  continued  to  accumulate  on  the  catalyst 
surface  and  cause  catalyst  poisoning,  thus  depriving  the  catalyst  of 
the  methanol  reaction  activity  center  and  decreasing  the  catalytic 
performance  and  hydrogen  production  rate. 

4.  Conclusions 

A  low-temperature  thermal  oxidation  approach  was  adopted  to 
prepare  the  porous  Nb20s  photocatalyst  materials.  XPS  results 
pointed  out  that  at  a  temperature  of  500  °C,  the  optimized  porous 
Nb205  _  x  photocatalyst  was  obtained;  the  O/Nb  ratio  was  close  to 
the  theoretical  value  of  2.5.  In  addition,  according  to  the  study  of 
hydrogen  production  of  bicomponent  photocatalyst  powders  (CuO/ 
Nb205  _  x,  Ni0/Nb205  _  x  and  Pt/Nb205  _  x)  synthesized  by  the 
addition  of  cocatalysts  using  Nb20s  _  x  powder  and  undergoing 
thermal  treatment  at  500  °C  as  its  base,  the  addition  of  CuO  as  the 
cocatalyst  contributed  to  the  maximum  hydrogen  production  effi¬ 
ciency  of  1405  pmol  h-1  g-1.  When  NiO  was  added  as  the  cocatalyst, 
the  hydrogen  production  efficiency  dropped  to  800  pmol  h-1  g-1; 
while  the  hydrogen  production  efficiency  was  only 
510  pmol  h-1  g-1  when  Pt  was  added  as  the  cocatalyst.  These 
results  can  be  attributed  to  incomplete  oxidation  during  the 
methanol  oxidation  process.  CO  adsorption  on  a  catalyst’s  metal 
surface  (such  as  NiO  or  Pt)  contributed  to  the  reduced  catalytic 
performance  and  hydrogen  production  rates. 
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